Aims/hypothesis Efficient stimulation of cycling activity in cultured beta cells would allow the design of new strategies for cell therapy in diabetes. Neural crest stem cells (NCSCs) play a role in beta cell development and maturation and increase the beta cell number in co-transplants. The mechanism behind NCSC-induced beta cell proliferation and the functional capacity of the new beta cells is not known. Methods We developed a new in vitro co-culture system that enables the dissection of the elements that control the cellular interactions that lead to NCSC-dependent increase in islet beta cells.
Introduction
The rich innervation of the endocrine pancreas contributes to the regulation of islet hormone secretion [1] [2] [3] and supports the islet cells with trophic signals [4] . In type 1 diabetes, islet innervation is affected by the autoimmune attack [5] . In BioBreeding (BB) rats, an experimental model for type 1 diabetes, these nerves disappear even before beta cells are lost [6] . Recent studies have demonstrated that neural crest stem cells (NCSCs), from which all neurons that innervate the islets are derived, play an important role in regulating beta cell mass during early development [7, 8] and during islet maturation [9] . We previously showed that mature sensory neurons influence insulin release by adult islets in vitro [10] . Furthermore, islets themselves induce migration and differentiation of NCSCs towards a neuronal phenotype both in vitro [10] and in vivo when the two cell types were transplanted under the kidney capsule [11] . Within a graft containing both NCSCs and islets, the beta cells display an increased proliferation [11] . In view of these findings, the current report describes the potential of NCSCs to induce beta cell proliferation in order to increase the glucose responsive beta cell mass. In the present study, we prepared NCSCs from the dorsal root ganglia (DRG) of embryonic (embryonic day [E] 11.5) mice. The DRG preparation included the boundary cap, a transient neural crestderived structure giving rise to the last wave of DRG neurons in development [12] [13] [14] . The NCSCs are multipotent stem cells that have been shown to generate sensory neurons in vitro [15, 16] and glial cells and neurons in vivo after transplantation [17, 18] .
Here we show that NCSCs induce proliferation of beta cells from young adult and 1-year-old mice by direct contact, but fail do so in human beta cells. The proliferating beta cells retain their normal capacity to secrete insulin in response to increasing concentrations of glucose.
Methods
Mice, cell isolation and culture All animal experiments were performed according to the guidelines of the Vrije Universiteit Brussel Animal Studies Ethics Committee. Islets were isolated from 8-week-old Balb/C mice or from 8-week-old and 12-month-old C57 Black6 mice for aged islet experiments (Elevage Janvier, Le Genest Saint Isle, France). Pancreases were inflated with isolation medium (code BESP163Q; Lonza, Basel, Switzerland) containing 0.3 mg/ml collagenase (code C7657; Sigma-Aldrich, St Louis, MO, USA) by injection via the pancreatic duct. The pancreas was then dissected and further digested. Islets were hand-picked using glass Pasteur pipettes under the microscope and immediately placed in culture in RPMI 1640 (code 61870-010; Invitrogen, Carlsbad, CA, USA) with 11.11 mmol/l glucose. Human islets were harvested from three different donors: two 57-year-old women and one 27-year-old woman. Ethics approval to use endocrineenriched cells derived from donor organs was given by the Medical Ethics Committee of the University Hospital of the Vrije Universiteit Brussel (O.G. 016) to the Beta Cell Bank-University Hospital Brussels (permission 2010/193). Permission was also given to H. Heimberg by the Ethics Committee to use these cells for in vitro studies aimed to develop improved transplantation conditions (2008/048).
NCSC cultures were prepared according to a previously published protocol [16] . The medium was changed every other day (50% of the medium replaced with fresh medium) until neurospheres began to form. Neurospheres were then kept free-floating in propagation medium (PROP: DMEM/ F12 medium (code 31330-038; Invitrogen) supplemented with B27 (code 17504-044; Invitrogen), N2 (code 17502-048; Invitrogen) and containing 20 ng/ml basic fibroblast growth factor (bFGF) (code 13256-029; Invitrogen) and 20 ng/ml epidermal growth factor (EGF) (code 236-EG; R&D systems, Minneapolis, MN, USA). DIFF medium consisted of 50% DMEM/F12 medium (code 31330-038; Invitrogen) and 50% neurobasal (code 10888022; Invitrogen) supplemented with B27 and N2.
For co-culture of islets and neurospheres, 24-well plates were coated for 1 h at 37°C with 10 μg/ml poly-lysine (code P1399; Sigma-Aldrich) followed by washing with bidistilled water and subsequent coating with laminin (code L2020; Sigma-Aldrich) for at least 4 h at 37°C at a concentration of 10 μg/ml. Neurospheres and pancreatic islets were seeded in the wells in drops of 15 μl medium and left for 1 h at 37°C and 5% CO 2 to improve their attachment to the wells. The appropriate medium was then supplemented to the wells.
For transwell assays, cells were plated both on coverslips in the bottom of 24-well plates as well as in cell culture inserts (code 353095; BD Biosciences, Franklin Lakes, NJ, USA) with a 0.4 μm pore size membrane separating the upper and lower compartments. Further culture conditions and manipulations are similar to what has been described above.
To measure the incorporation of the nucleoside analogue 5-ethynyl-2′-deoxyuridine (EdU) (code C10337; Invitrogen), EdU was added to the culture media at a final concentration of 10 μmol/l.
Protein analysis Cells were fixed in 10% buffered paraformaldehyde for 20 min then washed with PBS prior to permeabilisation for 15 min using 0.2% Triton X-100. After washing with PBS, cells were incubated for 30 min in normal donkey serum. Primary antibody was then applied overnight at 4°C. Sections were washed with PBS and incubated with a secondary antibody for 2 h at room temperature before washing again with PBS. For subsequent stainings, the protocol was repeated starting from the primary antibody step. DNA was labelled using Hoechst 33342 (Sigma-Aldrich) at a final concentration of 8 μg/ml for 20 min. Coverslips were then mounted on glass slides with vectashield fluorescent mounting medium (code h-1000; Vector laboratories, Burlingame, CA, USA).
Primary antibodies used: anti-insulin (guinea pig, gift from C. van Staining for EdU was performed according to the manufacturer's recommendations. A 300 μl aliquot of the staining solution was added to the wells and left in the dark for 30 min prior to washing with PBS. Neurite length was determined according to a previously published method [19] .
Fluorescence microscopy was carried out on an Olympus BX61 microscope equipped with Olympus UPlan SApo lenses (Aartselaar, Belgium). Images were captured via an Orca R² C10600 digital camera (Hamatsu, Herrsching am Ammersee, Germany) and processed using Smartcapture software (Digital Scientific, Cambridge, UK). Light emission was using a Lumen 200 (Prior Scientific Instruments, Cambridge, UK) light emitter.
Confocal microscopy was conducted using a Zeiss LSM 710 NLO microscope (Carl Zeiss, Zaventem, Belgium) combined with a Mai-Tai deepsee multiphoton laser. Image analysis and manipulation was performed using Zen LE software (Carl Zeiss).
Insulin content and release were determined at the end of the culture period: following 3 days in PROP and 7 days in PROP or DIFF, the medium was replaced by RPMI 1640 and cells were left for an extra 24 h in culture. Glucose-stimulated insulin release assay and insulin content measurement were then performed as described previously [20] .
Statistical analysis Data were expressed as means ± SEM. Student's t test or ANOVA with Bonferroni post hoc test were used for comparisons. Differences were considered statistically significant when p<0.05.
Results
Mouse pancreatic islets and NCSCs interact when cocultured Migration and differentiation of NCSCs are stimulated by co-culture with pancreatic islets [10] . Inspired by this finding, we examined the effect of NCSCs on islet cells when plated at a 1/1 ratio at the start of co-culture. The composition of the individual components of the in vitro model was determined before co-culture: islets isolated from adult mouse pancreases and cultured for 3 days were characterised by the abundant presence of insulin + cells and contained no GFAP + and no β-tubulin class III + insulin − mature neuronal cells (Fig. 1a) . The neurospheres formed by NCSCs isolated from the DRG of E11.5 mice [16] were insulin − (data not shown), proliferated and remained undifferentiated when cultured in PROP [10] . When cultured in DIFF, which differs from PROP by the absence of bFGF and EGF, or when subjected for 2 days to an in vitro differentiation assay [17] , the cells differentiated into either GFAP + or β-tubulin III + cells [10] . When islets and neurospheres were co-cultured in PROP for 1 week on glass slides coated with poly-lysine and laminin, axonal length was short (Fig. 1c) . However, when NCSCs were co-cultured with islets in DIFF, β-tubulin III + neurites grew, on average, three times longer than in PROP (Fig. 1d,e) . When islets were cocultured with NCSCs in PROP, few GFAP + or β-tubulin + fibres contacted the beta cells in the core of the islets (Fig. 1f) . However, when cultured for 3 days in PROP followed by 7 days in DIFF, a condition from now on referred to as PROP-DIFF, numerous β-tubulin III + neurites could be observed deep inside the islets where GFAP + fibres were rather rare (Fig. 1g ). Z-stack images showed that these islets were surrounded by NCSCs and their derivatives under both conditions, PROP (electronic supplementary material [ESM] Fig. 1a ) and PROP-DIFF (ESM Fig. 1b) . NCSCs indeed have a strong capacity to migrate in vivo and in vitro [8, 10] and thus are able to migrate into the islets, making cell-cell contacts.
NCSCs induce proliferation of co-cultured primary islet beta cells NCSCs strongly increase islet cell proliferation when co-transplanted under the kidney capsule of mice [11] . These in vivo data did not distinguish between the direct effects of NCSCs on the islet cells and possible indirect effects through other, non-endocrine islet cell types, such as endothelial cells [21] . We therefore investigated the effect of NCSCs on islet beta cell proliferation in vitro. Beta cells were stained for insulin and the cells that were actively cycling were traced by immunostaining with the thymidine analogue EdU, which was incorporated in their DNA when added to the medium during the last 7 days of culture. Culture was in 24-well plates on cover slips coated with poly-lysine and laminin. The cells that were positive for both insulin and EdU were considered to be proliferating beta cells that had already divided or were still in the Sphase of the cell cycle. Islets or islet cells and NCSCs were cultured for 3 days in PROP to allow spreading and growth of NCSCs. This 3 day culture period was either continued in PROP or changed to DIFF (PROP-DIFF), for 7 days (Fig. 2a) . When islets or islet cells were cultured without NCSCs in PROP or PROP-DIFF or when they were cocultured with NCSCs in either PROP or DIFF, little or no beta cell proliferation was observed. However, when cocultured with NCSCs in PROP-DIFF, the EdU-labelling index of islet beta cells dramatically increased more than tenfold (from 2.1±0.8% for islets only to 23.9±1.4% for islets in the presence of NCSCs (Fig. 2b,e) . Among dissociated islet cells, up to 38.5±5.9% of the beta cells incorporated EdU in their nuclear DNA during co-culture with NCSCs in PROP-DIFF (Fig. 2c,g ).
In order to investigate whether the increased beta cell proliferation also gave rise to an increase in the total beta cell mass, single dissociated islet cells were seeded with or without NCSCs on 96-well plates coated with poly-lysine and laminin and kept in culture as described above (Fig. 2a) . At the end of culture, cells were fixed and stained for PDX1 in order to label all beta cell nuclei. Pictures of entire wells were taken and the total number of PDX1 + nuclei per well was manually counted. No statistically significant difference (Fig. 2h) .
Beta cells from aged mice, but not human beta cells, have the capacity to proliferate We next investigated whether the co-culture of islets and NCSCs could induce proliferation in beta cells isolated from either aged mice or human donor pancreases, two models known for poor, if any, cycling activity. Islet beta cells isolated from aged mice (12 months old) are still able to enter the cell cycle when co-cultured under the conditions depicted above. Islets from aged and young (8 weeks old) mice were co-cultured with NCSCs in PROP and PROP-DIFF. EdU was provided to the cells for the last 7 days of culture and EdU incorporation by beta cells was assayed by immunocytochemistry. No proliferation was observed in beta cells of young or old islets cocultured with NCSCs in PROP. However, both young and old beta cells similarly incorporated EdU when co-cultured with NCSCs in PROP-DIFF (23±2% for young islets and 20±2% for old islets) (Fig. 3a) . Islets from three human donor pancreases were isolated and cultured in PROP or PROP-DIFF both in the presence or absence of NCSCs as described above. EdU incorporation by beta cells during the last 7 days of co-culture remained below 0.3% under all conditions (Fig. 3b) .
Beta cell proliferation decreased while death increased during co-culture To investigate the kinetics of beta cell 
in PROP (10 days) or PROP-DIFF (3+7 days) with thymidine analogue (EdU) labelling for the last 7 days on polylysine-and laminin-coated coverslips, the level of proliferating beta cells is dramatically increased when co-cultured in PROP-DIFF compared with a culture without NCSCs or a co-culture in PROP. Proliferation of the beta cells in intact islets (b) and in dissociated islets (c) was significantly increased in PROP-DIFF co-culture (n03-9; *p< 0.05 and ***p<0.0001 for PROP-DIFF vs PROP; white bars: intact or dissociated islets cultured without NCSCs; black bars: intact or dissociated islets cultured with NCSCs). Representative pictures of insulin (red) and EdU (green) detection by immunofluorescence in islets (d, e) and dissociated islet cells (f, g), co-cultured with NCSCs in PROP (d and f) or PROP-DIFF (e and g). Scale bars represent 50 μm. (h) The number of beta cells under different experimental conditions was assayed by seeding single dissociated islet cells in 96-well plates coated with poly-lysine and laminin (white bars: single cells cultured without NCSCs; black bars: single cells cultured with NCSCs). Staining for nuclear PDX1 was performed before picturing the entire wells. Manual counting of all PDX1 + nuclei provided an objective assessment of the difference in total beta cell number (n03-5; *p<0.05 for PROP-DIFF without vs with NCSCs) proliferation and apoptosis during co-culture with NCSCs, islets were precultured for 3 days in RPMI prior to seeding in 24 well plates with NCSCs and kept in PROP medium for 3 days. Medium was then replaced by either PROP or DIFF and cells were kept in culture for 7, 11, 15 or 18 days in total. EdU was added to the culture for the last 3 days and immune-detected, together with insulin and activated caspase 3, at fixation to find out when beta cell proliferation and apoptosis occur after induction of NCSC differentiation (Fig. 4a) . Beta cell proliferation decreased between day 15 and day 18 of culture ( Fig. 4b) while the amount of cleaved caspase 3 + beta cells remained low both in PROP and PROP-DIFF until day 11, then increased at day 15 in PROP-DIFF and finally increased further both in PROP and PROP-DIFF at day 18 (Fig. 4c) . Beta cell proliferation and death thus follow opposite trends during co-culture.
Proliferating beta cells remain glucose responsive The total insulin content of the islets alone or with NCSCs in PROP or PROP-DIFF was compared with islets cultured for 10 days in RPMI 1640, as a control condition [22] . Compared with islets in RPMI 1640, islets alone or in the presence of NCSCs cultured in PROP did not differ in total insulin content, while when cultured in PROP-DIFF they contained more insulin at the end of the experiment. These differences were, however, not statistically significant. Despite their increased beta cell proliferation, islets cultured a b Fig. 3 Beta cells from aged mice, but not human beta cells have the capacity to proliferate. (a) Islets isolated from 8-week-old mice and from 12-month-old mice were co-cultured with NCSCs in PROP or PROP-DIFF as described above (see Fig. 2a ). While no, or very few, proliferating beta cells could be observed in either young and old islets when co-cultured with NCSCs in PROP (1.1±0.4% and 0.9±0.4%, respectively), the proportion of proliferating beta cells in PROP-DIFF increased similarly to what has been seen in our earlier experiments (see Fig. 2b Schematic diagram of the protocol used to study the kinetics of beta cell proliferation as well as beta cell apoptosis during co-culture with NCSCs. Cells were cultured as previously described until day 3. Dark grey represents the inclusion of EdU in the culture medium. Cells were fixed for analysis of proliferation (b) and apoptosis (c) at day 7, day 11, day 15 and day 18. For each time point, EdU was provided for a period of 3 days prior to fixation. Cleaved caspase 3 and insulin immunostaining assessed beta cell apoptosis at the different time points (n04; *p<0.05 ***p<0.001 vs corresponding condition at the previous time point). For both graphs, white bars represent a co-culture of islets and NCSCs in PROP and black bars a co-culture in PROP-DIFF with NCSCs in PROP-DIFF did not display a statistically significant increase in insulin content compared with the other conditions under study (Fig. 5a ). As a control for a potential contribution of the culture medium to the presence of insulin in NCSCs, these cells were cultured in PROP or PROP-DIFF and found to be insulin-free (data not shown).
To assay whether islets are still functional after co-culture with NCSCs, glucose-stimulated insulin secretion (GSIS) was measured. Islets were kept in RPMI 1640 (11.11 mmol glucose/l), PROP or PROP-DIFF as well as co-cultured with NCSCs either in PROP or PROP-DIFF. Because of high glucose concentrations being present in PROP (17.51 mmol/l) and DIFF (21.25 mmol/l), after culture for 10 days the media were changed to RPMI 1640 and 24 h of culture in this medium allowed the beta cells to return to their functional baseline prior to assaying GSIS. Following 30 min in glucose-free medium, the cells were stimulated for 2 h by 2, 10 or 20 mmol/l glucose. Finally, the insulin was measured in the medium as well as in the cells and released insulin was expressed as a percentage of total insulin. None of the culture conditions affected GSIS either at 2 or at 10 mmol/l glucose (n04-6, p>0.05 when comparing islets without or with NCSCs in PROP or PROP-DIFF) while GSIS at 20 mmol/l glucose was higher under all conditions tested (p<0.05) (Fig. 5b) . At 20 mmol/l glucose, only the islets in the presence of NCSCs and cultured in PROP-DIFF showed normal glucose responsiveness in terms of insulin secretion (n04-6, p>0.05 vs control islets). Moreover, a statistically significant difference could be observed in islets cultured in PROP or PROP-DIFF as well as co-cultured in PROP, when compared with co-culture in PROP-DIFF (n04-6, p<0.05). Thus, under conditions that stimulated beta cell proliferation, that is, in co-culture with NCSCs and in PROP-DIFF, GSIS was similar to islets cultured in normal control RPMI 1640 medium and higher than in all other conditions. These data show that the full capacity of insulin storage and GSIS was retained in proliferating beta cells.
Direct cell-cell interaction with NCSCs is needed to induce beta cell proliferation To direct future research for factors driving beta cell proliferation stimulated by NCSCs we investigated the requirements for cellular contact with NCSCs to activate the beta cell cycle. Islets were plated in the bottom compartment of a transwell assay and NCSCs in the upper compartment or the insert. The membrane separating the two compartments has a pore size of 4 μm, which allows molecules to migrate easily between compartments. Co-culture of islets and NCSCs separated from each other in PROP or in PROP-DIFF with EdU labelling during the last 7 days did not induce increased beta cell proliferation (Fig. 6) . When islets were co-cultured with NCSCs in PROP-DIFF in the lower compartment (positive control), beta cell proliferation was stimulated similarly to that in Fig. 2b (data not shown) . Co-culture of islets and NCSCs in PROP (negative control) did not stimulate beta cell proliferation (data not shown).
In order to find out whether beta cell proliferation was induced by soluble factors produced by beta cells when in contact with NCSCs in PROP-DIFF, the two cell types were cultured together in the upper compartment of a transwell plate, while islets only were plated in the bottom a b Total insulin content (ng/ten islets)
Insulin release/total insulin (%) Fig. 5 Proliferating beta cells remain glucose responsive. (a) Islets were cultured in the usual RPMI 1640 medium or in PROP or PROP-DIFF with and without NCSCs. After culture, the total insulin content or GSIS was measured. For both assays, a 24 h incubation period in RPMI 1640 was introduced in order to stabilise insulin production and secretion. For total insulin content, cells were washed with dissociation medium prior to lysis of the cells and measurement of insulin. No significant differences in total insulin content could be observed under any of the conditions studied, not even under the condition that induced high beta cell proliferation (n04, p>0.3). White bars represent a culture without NCSCs and black bars a culture with NCSCs. (b) For insulin secretion, cells were incubated in a medium containing no glucose for 30 min to set the basal insulin release and then medium was changed to 2 (white bars), 10 (hatched bars) or 20 (black bars) mmol/l glucose medium and cells were left in culture for a further 2 h. At the end of this period, cells were washed and insulin content was determined, and the 2 h insulin release was expressed as a percentage of the insulin content. No statistical differences in GSIS were observed between any of the conditions tested, either at 2 or at 10 mmol/l glucose. At 20 mmol/l glucose, islets in PROP or PROP-DIFF, as well as islets co-cultured with NCSCs in PROP, showed less glucose responsiveness in insulin release compared with islets co-cultured with NCSCs in PROP-DIFF (n04-6, *p<0.05), while there was no significant difference between islets co-cultured with NCSCs in PROP-DIFF and control islets cultured in RPMI 1640
compartment. Under these conditions, no beta cell proliferation was observed in the bottom of the transwell (Fig. 6 ). We thus concluded that NCSCs and islets need to be in direct contact in order to stimulate proliferation in beta cells, and that secreted factors present in the culture medium of NCSCs either alone or together with islets do not induce the beta cell cycle.
Discussion
The current report shows that early differentiating NCSCderived neural cells stimulate proliferation of islet beta cells isolated from old or young mice in co-culture, through direct cell-cell contact, and induce an increase in beta cell number. The resulting beta cells show normal glucose-stimulated insulin release. These findings extend our previous in vivo observations of beta cell proliferation in mouse islets cotransplanted with NCSCs [11] . However, the cellular interactions underlying this proliferative stimulus were unclear in the complex in vivo environment. We therefore developed an in vitro model for co-culture of NCSCs and islet cells. Within 10 days of co-culture, between 20% and 40% of islet beta cells had incorporated nucleoside analogues and thus were considered to be in the active phase of the cell cycle. This labelling index is much higher than any previously reported one [23] , indicating that NCSCs are endowed with a so far unique ability to promote the beta cell cycle.
In previous reports, induction of mouse beta cell proliferation in vitro [20, 24, 25] was by genetic manipulation using recombinant viruses to ectopically express, overexpress or silence target genes. The present model differs by its simplicity since it does not alter the genome of the beta cells in order to make them divide, but only needs specific stimuli from NCSCs. Imaging of NCSCs and islets cocultured in PROP revealed contacts between the two cell types within hours, but no beta cell proliferation was observed under these conditions. Cell-cell contact with NCSCs is thus, however, not sufficient to drive beta cell proliferation. Pronounced proliferation of beta cells was only seen following the withdrawal of mitogens from the medium, which causes the NCSCs to terminate proliferation and differentiate towards neuronal and glial cells (PROP-DIFF conditions). This feature appears specific for early post-mitotic NCSCs, since sensory neurons co-cultured with islets failed to induce islet cell proliferation [26] . The in vitro interactions between NCSCs and islets resemble our previous observations of NCSC differentiation towards neuronal cells in the islet microenvironment [10] , their migration in vivo and the formation of cell-cell interactions with islet cells after transplantation [11] .
Evidence for age-related decrease in beta cell proliferation has accumulated both in mice [27] [28] [29] [30] and humans [31] . More knowledge about the mechanism underlying this phenomenon might provide perspectives for the treatment of diabetes in aged patients [32] . We show that mouse beta cells isolated from 1-year-old mice and co-cultured with NCSCs demonstrate the same proliferative capacity as beta cells isolated from 8-week-old mice, demonstrating that exogenous factors are able to overcome the endogenous quiescence. Our co-culture protocol thus offers a platform to study beta cell proliferation under conditions of ageing.
The mechanism(s) underlying the stimulating effect on beta cell proliferation in NCSC-islet co-cultures are still obscure. Neurotrophic factors, including brain-derived neurotrophic factor [33] , nerve growth factor [34] , ciliary neurotrophic factor [35] and glial cell line derived neurotrophic factor [36] have been shown to promote survival and proliferation of beta cells. Our findings do not exclude a contribution of such secreted factor(s) to the observed beta cell proliferation but the result of the transwell assay demonstrates that they are not sufficient to drive beta cell cycling. Nonetheless, neurotrophic and other growth factors produced by NCSC-derived neurons and/or glia may play a role in the long-term functional maintenance of newly formed beta cells. The endocrine pancreas is normally richly innervated with sympathetic, parasympathetic, sensory, peptidergic and nitric oxide synthase containing neurons that help to modulate hormone secretion [1] [2] [3] . In rodent models, signals from the neural crest are important in regulating beta cell mass during development [7, 8] and neural signals are involved in the adaptive increase of beta cell mass in obesity [37] . There are several studies suggesting that neurotrophins, such as nerve growth factor and brain-derived neurotrophic factor, may affect the growth of both nerves and beta cells in Fig. 6 Direct cell-cell interaction with NCSCs is needed to induce beta cell proliferation. Islets and NCSCs were cultured separated by a permeable membrane. Islets were confined to the lower compartment and NCSCs to the upper compartment of the transwell. The 4 μm membrane pores allowed secreted molecules to diffuse between the two compartments. After culture either in PROP or PROP-DIFF with the thymidine analogue EdU present for the last 7 days, none of the experimental conditions induced beta cell proliferation. When islets and NCSCs were co-cultured in the upper compartment, no beta cells proliferated in the lower compartment that contained islets only (n03-4, p>0.1 for all comparisons). White bars indicate an empty insert, hatched bars an insert containing NCSCs and black bars, an insert containing a coculture of islets and NCSCs mice [4, 38] . Interestingly, not only beta cells but also nerve structures seem to be affected by the autoimmune assault seen during type 1 diabetes, and nerves disappear before any loss of beta cells occurs in type 1 diabetic BB rats [5, 6] , which may hamper beta cell regenerative capacity. Thus, NCSCcontrolled expansion of a fully functional beta cell mass in vitro may at least in part recapitulate the role of the innervated microenvironment in the pancreas, needed for embryonic development and mature function of beta cells.
We were able to scale up the system to a co-culture of 300 islets with 300 neurospheres, followed by the isolation of the proliferated beta cells by fluorescence-activated cell sorting based on their endogenous characteristics, such as auto-fluorescence and granulation (ESM Fig. 2) . This feature will allow us to test the potential of beta cells, purified following NCSC-induced expansion in vitro, to normalise glycaemia in diabetic mice following transplantation. The essentials of this model are easy to obtain. Indeed, NCSCs are not only present during development, they also persist in adulthood within the stem cell niche of hair follicles [39, 40] from which they could be harvested using a minimally invasive procedure and potentially serving autologous cell therapy. Alternatively, human embryonic stem cells could be differentiated into NCSCs [41] . In spite of the incapacity of mouse NCSCs to induce human beta cell proliferation, the current model that characterises conditions that expand functional beta cells could be a major step towards the identification of human-specific factors that might allow up-scaling of cellbased therapy for treatment of diabetic patients. Furthermore, the use of human-derived NCSCs might induce human beta cell proliferation when co-cultured in vitro.
